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TECENICAT NOTE NO. 1569

A METEOROIOGICAL MEASURE OF MAXIMUM GUST
VEIOCITIES IN CILOUDS

By I. I. Gringorten and H. Press o
SUMMARY -

Analytical considerations of the encrgy transformations ian
convective-type clouds indicate that a s mple function of the helght
of convective activity and the horlizontal-temperaturs variations _
might yleld a measure of the gustiness in clouds. On this basis, .
gualitative relationships of the height of convective activity a.nd.
the horizontel temperature spread with the maxlimum possible gust
velocities are defined. These relationships show satisfactory
agreement for available meteoroclegical data as indicabted by correlation
coefficlents of about 0.7 obtained between observed values of the
maximum gust velocitlies and the meteorcloglcal parameters.

Based on experimentel data, a simplifiled relation that may be
used to forecast the meximum effectlve gust velocities within
convective-type clouds is developed. This simplified parameter
appears to glve short-range forecasts that ‘are correct within +10 feet
per second 95 percent of the time or wilthin 15 feet per second 67 percent
of the time when used within the scope of the date .presented.

INTRODUCTION

Forecasting the presence and intensity of atmospheric turbulence
under all flight conditions 1s one of the meteorological problems of
aviation. The soluticn of this problem has been sought for many years
Tor better flight control, avoldence of dengerous routes, passenger
camfort, and more economlcal operations. The entire problem includes
the forecasting of turbulence dus to wind shesr, frontal activity,
ground obstructions, and daytime heating, as well as the more manifest
turbulence of convective~type clouds and thunderstorms. Although meny T
investigators (references 1 to 3) have studied some phases of this
Problem, thelr results up Yo the present time have not provided a
besis for the quantitative prediction of atmospheric turbulence. [ —
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An experimentel investlgation of the charactoristics of vertical
guats and assoclated meteorological condltlens has provided a basis
for the study of silgnificant metecorologlcael parameters for convective-=
type clouds. This investigation was made in 1941 and 1942 with an
alrplene sultebly instrumented (reference 4) to measure vertical
gusts. In addition, radiosonde ascents were made so that meteor=
ological varisbles could be ccampared with the gusts encountered by
the alrplanse. Although the gust data obtained have been published
in e series of papers (for example, refeience 4), efforts to correlate
gust and meteorological data had been unsuccessiul. A review of
previous work indicated that the intenslity of gustiness as doflned by
the maximum gust veloclitises at various alilitudes was generally compared
with the metecrological slements for corresponding altltudes. This
approach, however, wes belleved to be too ambitious for present
knowledge. A restricted goal, therefore, was chosen: to relate a
gingle gust quantity to meteorological elements from a conslderation
oft the elements at all altitudes.

On the basis of the restricted goal chosen & reletionship between
" a gust quantity and the availeble energy was developed. The relation-
ship wag then evaluated for the aveillable experimental deta, In view

of the promlsing results, the present paper presents the methods
employed and the results which have been obtalned.

SYMBOLS

f fraction of horizontal cross-sectional ares of convection
coll which consgists of rising sir
acceleration due to gravity, feet per second per second

pressure altltudo, feset

H, - verbtical depth of convectivé activity for given air
megs, feet
Hy depth through which particle at height h within cloud

can descend before being stopped by ground or colder
surrounding eir (figes. 1 and 2), feet

M, My, My, M3 gust parametors as defined by equations (3), (4), (5),
end (6), respectively

P pressure at height h, millibars

o) density of alr at height h, slugs per cubic foot
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Po density of alr at standard ssa-level teuperature
and pressure, slugs per cubic foot

t temperature, °C

i temperature at height h, 9C ebsolute

tempereture ecquired Tty seturated parcsel of air
riging from convective condensation level to
level h (fig. 1), ©C absolube

T psusdo~wet-bulb temperature at helght h (fig. 1),
OC absolute "

AT Ty = Ty, for convective-~type clouds at height h
(fig. 1); T - T, for other type clouds at
height h (fig. 2)

U'b true vertical gust veloclty at height h, feet per
second

Uy equivalent vertical gust veloclty at height b,
5
feet per second éﬂjpo )

Ue effective gust velocity, fictitlous velocity assumed
to.act on alrplane normal to £light path and
determined Py sharp-edged-gust formula.fronm
measured reactions of airplane (reference 5);
effective gust veloclity is measure of average true
gust velocity U, acting across the span of

airplane (reference 6)

TUq : true effectlive gust veloclty, effective gust veloclty
t corrected for altitude by relation

' - Po : :

Ue't - Ue 5_- ’ P
Ues and Uy are related to U, y &nd Ty,
respectively, in seme manner that equivalent
alrspesd 18 related to true airspeed

maximum velue of |Us| and IU encountered

during flight

ol e o)

W vertical velocity of air or velocity of drafts,
feet psr second
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ANATYTTICAL CONSIDERATIONS

Inesmuch as turbulence is a complex phenomenon of the atmosphere,
1% cannot in general be defined by & simple characteristic. A
characteristic of turbulence of interest to the structural engineer,
meteorologist, and pllot, however, 1ls the intensity of the verticel
guste. A quantity extensively used by the National Advisory Committee
for Asrcnautlcs as & measure of the true vertical-gust intenslty is
the effective gust velocity U,. The maximm effective guet veloclty

T, has been found to be a useful parameter In the study of
e

structural loads imposed on airocraft dus to gusty alr. In addition,
recent evidence (reference 7) indicates that within convective clouds
the meximum gust velocity resulting as it does from shearing action
between the vertical draft and the surrounding eir is related to the
draft veloclty. In view of the relationship of the maximm effective
gust veloclty ’Ueimax Yo structural loads on aircraft and to

meteorologlcel veriables, er! 18 uwtilized in this paper as the
gust cheracteristic to be related to meteorological conditions.

The problem of deriving & meteorological expression for gust or
draft veloclties has usually been attacked by deriving a parallel
expression for the kinstlc energy of alr particles. Several
oxpresglons for average alr-perticle veloclties were derived about
Lo years ago. (See reference 8.) On the basis of an assumed set of
Initiel conditions, expressions were derived by comsidering three
sources of kinetic energy:

(1) Temperature variations in each horizontel layer of a ary _
alr mass

(2) Latent heat of condensation of water vepor

(3) Horizontal pressure distribution
Although the expressions are obtained from an ideal simplification
of atmospheric processes, the qualitative relations may be valid and
ares subJect to verification by experimental data.

From the first source of kinetic energy, the temperature varistions

in each horizontal layer of e dxy air mess, ‘the followlng expression
for alr-particle velocity is obtained (reference 8)

' T =T
v = [£(1 - £)eH, ( aleh 3‘;’;2 L -
T .
high low,
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u

The second source of kinstic energy, the latent heat of
condengation of water vepor, is usually studied by the well-known
"parcel method" (reference 9). Consideration cf the buoyant force
in the atmosphere dus to a density difference indicates that the
average velcclty acquired by a saturated. parcel of alr rising through
the vertlcal depth H, as & result of condensetion is

T - T e

w = |, 3 | (2)

An equivalent form of this expression is given in reference 10.

The third source of Kinetic energy, tue horizontal pressurs
distribution, is shown (reference 8) to _ive insignificant air-
pvarticle velocities. ’ ’

Inspection of equations (1) end (2) indlcates that the acquired
alr-particle velocitles for both the majsr sources of kinetlc energy
ere narallel functlons of the height of the convective activity and
the horizontel temperature spread. For this reason, a parameter of
the form '

o fmE B

might be expected to serve as a useful measure of draft and gust
velocities in the atmosphere. Because the maximum value of equation (3)
might be expected to give a msasure of the meximum energy available
for convectlve actlvity, it may be a useful measure of the meximum
gust veloclties. The quantity Hg wused in equation (3) should be
a measure of the depth of the convective action, although not
necessarily the actual depth 1tself. Similarly, the quentity 4T
should be a measure of the horizontal btemperature spread throughout
the depth of the convective layer, although not necessarily th
average g read. o
In an effort to determine the best ieasure of the maxirmum gust
intensity, three forms of the parameter M were considered:

My =@h‘¥)ﬂ | (k)

vhers h and %—r are taken at the same altitude within the cloud.

J(Although the quentity h 1s defined as the wressure altitude above
sea level, 1t is here used as an altitude above terrain. The
difference for the present data, however, was too small to be of
significance and the pressure altitude was, therefore, used for
computational purposes.)
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= 2l
= (B F) (5)

where Hy; and 5% are taken at the sauo altitude.

T
N ONON

where Hd. and (E9 are deteriirned indevendently and are the
max T, max

meximum values for a glven sounding.

Thess forms were selected in an effort to determine empilrically
the best measure of the maximum energy &vallable for convectlve
activity. The particular forms chosen ere samewhat arbitrary, but
they do atbempt to measure the Joint efrect of maximum credible
temperature spread and effective denth uf convective action.

For convective-type clouwda, AT 18 determined from the sounding
in a mamner similar to that used in refereonce 1l; AT i1s the
difference between a maximum and a minliun temperature. The maximum
temperature Is the temperature that a percel of air would acquire
1f it were lifted from the convective condensatlon level to ths
height h. Thils temperature is shown as T, in figure 1. The
minimum temperature ls the temperature to which unsaturated air at
that level can be cooled by eveporation of c¢lovd droplets and is the
wet-bulb temporature which is nearly the same as the psusdo-wet-~bulb
tomvorature shown as Ty, at h in figure 1.

For other than convective-type clouds which are not completely
saturated, the maximum and minlmum temperatures at h mlght be the
alr temperature T and the psuedo-wet-bulb temperature Ty, as
ghown in flgure 2. The alto-cummilus clouds shovm in the figure
were vresent at the time of the sounding as well as during the
flight.

The determination of Hy in My 1is made in figures 1 and 2

by the followlng procedure: The molst adiasbat through T at

level h within the cloud is followsd down to the base of the cloud
and then the dry sdiabat is followed until it reaches the ground
level or it intersects the orilginel socunding. For convectlve-typo
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clouds, the layer of convective activity as measured by Hy will

generelly extend to the growmd (fig. 1). In the case of morning
soundings, such clouds may form after the sounding is teken. Due
allowance for daytime heating must therefore be made on the

adlsbatlic chart. For other type clouds, Hy; may be considersbly

smaller then for convective ~type clouds ss shown in figurs 2.

The value of (Hd)m in M3 is the maximm value of Hy

for s given sounding and is found indepe.:dently of the height of the
meximun temperature spread. For convective clouds, (Hd} mex is

generally equal to the observed heilghts of the cloud tops. These
helghts were obtained from estimetes made by a flight observer.

APPARATUS

In oxder to cbteln gust data, flight surveys of clouds were made
with the XC~35 airplene as described in reference 4. The basic
Instruments installed in the airplane to mesasure gust intensitios
were the NACA air~damped vecording accelercmeter end the NACA airspeed
recorder. These are stendard NACA photographlcally recordling
Instruments.

Meteorological data for the days of the flights wire obtained
with radiosonde equipment of the type then in wse by the Navy
(reference 12).

SCOPE AND SEIECTION OF DATA

Gust and meteorologlcal data were avalleble for 29 flights of

the XC-35 alrplane at lLengley Field, Va. Each flight consisted of
from 1 to 20 cloud traverses at altitudes from 1,000 %o 3’+,OOO feet.
For these flights, ths intentlon was to meke cloud surveys during the
height of afternoon convective activity, but this procedure was not
alweys posasible beceuse of forecasting and operating limitations.
In mogt of the cases, measurements were taken in air-mass convective-
type clouds. In only few flights was frontsl activity of sufficlent
intensity to be comsidered an lmportent factor. On several occesions
when towerlng cumuliform clouds falled to develop, measurements were
taken in other clowd types, such as stratocumulus, alto-cumulus, snd
alto-stratus.

The maximmm offective gust velocity erl measured in clouds
on each flight was used as & measure of the maximum gust velocity
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for the ailr mess. In one flight the marimum effective guet veloclty
was encountered in cirrus clouds. This gust veloclty, however, was
not used because 1t was Judged to be due to wind shear and, therefore,
measurements made in the other clouds present were used Inetead.

It should be noted thet the meximm effective gust veloclty measured
1s not necessarlily the mexlmm in the air mass since there is no
assurance that the flight survey covered the maximum ectivity.

Oon each fllght day, one or more atmospheric soundings were made.
Although morning soundings were preferred, they were avaeileble on
only 2% deys. Afternoon soundings were consequently used for the
other 5 days.

RESULTS

Meteorological data.=- Atmospheric soundings were evaluated in
accordance with standard procedures to obtain pressure, temperature,
and moisture content at significant levels.  An example of such date
is given in table I. The same sounding 1s shown as_a temperature-
height curve in figure 1(b). The variables AT, %%% h, and Hd

are determined at each sjgnificznt level of the sounding, and the
H

quantities (AT) ., (_T. o Qpmexs Mi» Mp, and My are

evaluatod as indicated in table I. The date for all flights are
sumarized in teble II.

2

Gust _data.- The records of acceleration and alrspeed from all
traverses were evaluated to obtaln the maximum effective end maxlimum
true effective gust-velocltles for each f£light. These values

of |Up|, ., &0 lUBtlmax are given in table II.

Correlation analysis.- Correlation coefficients between the
various meteorclogical guantltles and the maximum effective gust
velocities were determined according to standerd methods (reference 13)
end are gilven in table ITI. Figure 3 1s an example of a scatter
diagrem showing the line of regression of the gust quantity erlmax

on the meteorcloglcal guantity (%D—) . The limits of the standerd
max

srror of estimate are also shown to indicate the rellability of the
estimeted valuos of gust veloclty.

a- h"'
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PRECISION

The measured quentities are estimated to be accurate withlin the
Tollowing limits: .

Atmospheric pressure, millibars « o « o v o o o0 b e 00w £8
TemporatuXe, %C + v « ¢ « o o o 4 ¢ 4 o 1 s s e v e e e e t1
Relative humidity, percent « + o ¢ o ¢ ¢ o o o s s o 2 o o +10
Effective gust velocity, feel per second .« + o .. s e e s +3

Derived meteorological quantities, tased on the preceding values,
are estimated to bhave the followlng possible errors: :

AT’ OC . . L ] * L s e . * . [ ] L] L] L L] L] .. L] L] L] L] L4 L4 . t2

—_— Y ‘Il"l...l.'l. L4 -3
IR IR IR +7.4 x 10

The wide range of possible error in the walues of the h-term and
the Hy-term leads to difficulties in esssigning limits of error

to these quentities. It is estimated thet a range of 500 feet
would include the errors in most of the cases with averaege errors of
gbout £300 feet, . -

The use of the estimated errors in the temperature and height
texrms results in possible errors of +6 in the parameters M; to M3

wlth average ervors of +3.

DISCUSSION

Evaluation of gust-metecroclogicasl relations.- The correlation
coefficlents between gust end meteorological parameters in teble III,

averaging 0.7, are considersbly higher, to the best of knowledge, than
any that have heen found between gust and meteoroclogical data.. The
high degree of relationshlp indicates that the vertical depth of
convective activity and the mssiimum credible horizontal temperature
spread yleld significant measures of the maximum effective gust ;
intensities in clouds. Comparison of the correlation coefficients
obtained using the meteorological paremeters Ml, My, and M3

indicates that, within the scope of the data presented herein, no
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gignificant differences exlst among the several methods used to
allow for the depth of convective activity.
It may be noted that elthough the paremeters M,, M, and M3

were developsd es measures of the true gust velocltles, they have
been used as messures of effective or equivalent veloclties. Trial
correlations between the meteorologlcal paremeters M; 1o M3 and

the velues of the maximum true effective gust velocity ‘Ue t‘ 5
max

table II, showed thet the adjustment for eltitude on the effective-
gust veloclty had no appreciable effect on the degree of relation-
ship obtained. The result may be due to the small range of altitude
at which the meximum gusts were encounteed inasmuch as about
T0 percent of the maximum ¢usts were encountered at altltudes
between 8,000 and 16,000 feet.

Teble III also indicates that each of the quantities (AT)max,
(—é—T—) , and (P—— , when correlated with the gust parameter,

T fnax T "

Yields coefflclents of the same order as the parameters Ml s ME s
and, M3. The hlgh order of these correlations results from the

high correlation noted in the table between (AT) _ and (Hd)max
The pronounced dependence between (AT)mx ‘and (Hd)max would

thersefore tend to reduce the efficlency of the combined use of
these variables 1n the parameter M. The parallel rélationshlp

between (—‘—‘11 and (Hy) _ is discussed in more deteil in the
T max :

gsection entitled 'Application to forecasting."” In addition, the
AT
equivalent correlations found for (AT)max and <"—TZ with

erl are expected to. be modified by data from other latitudes
max

since T would have a wider range of value than observed in the

present data. The fact that the correlations. of (%)
' max

and (\/ZET—Z]&X with ‘Uel yield esssntially equal coefficients
would appear to be in disagreement with the enalysls, but this
discrepancy cen readlly be shown to be due to the small range of

value obtained for (S‘-T- .
T /mex



NACA TN No. 1569 i _ _ .11

Apvlication to forecasting.~ In order to use ths indicated
relations between gust and meteorological parameters for forecasting,
the meteorocloglcal variebles must be measurable or predictable prior
to the. development of the clouds. The AT-term and the T-term
satlsfy this requisite, but the h-term and the Hz~term in M;, M,
and. M3 do not since their values depend wupon an observer's estimate
of the cloud bases and tops as well es on the soundings. Fredlcted
values of the clouvd bases and tops can concelvebly be used to yleld
sufficiently accurate estimates of the h-term end the Hy-term.

The investigation of this possibility 1s, however, beyond the scope
of the present paper.

The correlation coefficient between (“-T-! and || for
T max

the present date wes gbout the same as those cbtalned between the

peremeters M; to My end erl . Because the term A,I? can

be readlly estimatod from the morning sounding, the possibility of
vsing this term as a measure of the maximvm effective gust veloclty
is suggested. The accuracy of using this simplified parameter was

investigated and the regression line of |Ue‘ on (%2 faor

the present date is illustrated in figure 3. The equation for the
regression line of that flgure 1s

erlmax = 638 % - 2.9 (7)

The standard error of estimate is 5.2 feet per second. If equation (T)
is uged to forecast ‘Ue( , reference 13 indicates that predictions

within the scope of the present date should be correct within +10 feet
per second 95 percent of the time or within 15 feet per second

67 percent of the time. In view of the accuracy of the data and the
methods of enalysls employed, the regression line (equetion (7)) is
Judged to give & significant measure of the meaximum effective gust
velocity within the scope of the weather conditions investigated.

The effectlivensss of the simplified paremeter (QTIT! as a

measure of the maximum effective gust velocity for the present data

is derlived from the statistlical dependence noted between (%
max
and (Hd.)m' In an effort to check this relation for data from
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another latitude, the correlation between é#z) and Hé)
T nax

: max

wag evaluated for Gate recently obtalned at a mors southerly latituds.
This evaluation indicated that the high correlation for T

max
and (éﬁ)max with Hé)max’ noted in table III for data obtained
in the vicinity of Langley Field, Va., did not exist. The hoight of
convective activity, on the average, appears wreater for the data:
from the southerly latitude, whereas tho maximum credible horizontal
temeraturs spread showed no similaer tendency. In additlon, the
devnth of convective ectivity will genserslly be expected to decrease
in winter. For these reasons, equation (7) would be expected to
yield accurate forecasts of lUélmax only when used within the

scope of ‘the present data.
CONCLUDING REMAFIS

The correlation coefficlents between gust and meteorological
parameters, averaging 0.7, indlcate that the maximum value for a
glven sounding of the metecrologlcal, »arameter M glves a significant
measure of the maximum gust veloclty in conwective-type clouds. .
The narameter

where
H, vertical depth of convective actlvity for glven alr mess

AT
T relative horizontal teumperaturs sprsad

ithin the limited scone of the data, thls parameter can yleld
gatlsfactory estimates of the maximum gust velocitiles 1n clouds.

The simplified parameter defined by the maximum value, for a given

gounding, of %? would appear to yleld equally accurate estimates of

the maximum effective gust veloclties within the scope of the data
prosented. TIorecasts made with thls slmlifled parameter cen be
expacted tobe correct within 110 feet per second 95 percent of the
time or within 5 feet ver second O7 percent of the tims.
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Although the present date consist almost entirely of traverses
through cumuliform clouds, the analysis indicates that the methods
employed might possibly be extended to e:most all cloud types. Data
covering more complete cloud representation would permlit investigation
of thils possibility. In eddition, data covering other latitudes and
seasons would provide a basis Tor the detexrminatlion of a general

parameter and relationship.

Langley Memorial Aeronautlcal Leboratory
National Advisory Committes for Aervnautics
Lengley Field, Va., June 25, 1947
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TABIE 1

ANATYSIS OF SOUNDING TAKEN AT IANGIEY FIELD, VIRGINIA

[september 10, 1941; 0805 EST]

15

Presswre, | Tempereture Mixing Temperature Preasure Relative Convective
P v | retio spread, altitule, | temperature| \/n<E VE, &
() (°c abs.) | (gremfkg) AT h spread, T e
(cc) (£%) arfr
1022 299 19.0 ———- -- --
998 301 17.8 e m————— - --
B | o Ll B S | emmp | 5| Sem S
-9 . . 9 5 9
&2 291 8.8 6.0 dgg .0206 1 &,300 11
785 290 8.4 6.5 é, 022k 12 6,800 12
™8 289 5.8 8.0 8,200 0277 15 8,200 15
T02 28 6.0 T.0 9,80 0246 16 9,800 16
609 277 1.9 1.6 13,450 0418 2k 13,450 24
59T 2717 1.3 12.3 13,900 Okltk 25 13,900 23
533 273 K 10.7 16,700 0392 26 | 16,700 26
hoo 259 .6 .0 23,500 0271 25 23,500 25
2 A — 8o o100 o | 2| ¥ £
. L] . 2
hlud 216 .03 1.5 39,800 0069 17T | =ee—e- -
155 211 | mee-- ———- -] meee—- --

Evalusetion of meteorologicel paremsters:
of cloud estimeted at 4OOO and 30,000 feet, respectively.

(ae) .. = 12.3°C

(-“_r) = 0.0kkk
T /mex

(e = 0

Cumilus-ccngestus cloud traversed during flight; base and top
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TABLE IT
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SIMMARY OF GUST AND METEOROLOGICAL DATA

Gust data Meteorologlcal data
AT

De.te U U AT = M . M

of | elm | etlma.x Drnx (T )ma.x 1] 3
flight (fps) (£ps) (°C)

3-24-41 13 14 5.6 0.0209 13 8 8
Y=ly=l 6 T 7.8 .0283 15| 11 | 11
h=10-41 16 26 6.1 .0212 14 12 | 17
5-g=l1 11 13 5.7 .0216 17| 17 | 17
5-23-41 28 45 13.9 051k 1 35+ 35 | 39
T-1-41 22 34 10.0 .0L06 35| 35 | 35
7=3=41 18 25 11.9 Ohli2 35| 35 | 36
T=31=41 25 34 2.2 0453 27t 27 | 33
8-12-41 34 )T 12.2 WO4l7 344 34 | L
8-23-41 28 4 '10.5 0386 371 37 | 36
9=h-=l1 22 27 8.7 .0324 281 28 | 32
9-5-41 26 33 9.6 0395 331 33 |35
9-10=-k1 31 39 12.3 Ollily 21 32 | 36
10-2=41 16 19 10.0 .0363 181 18 | 20
6~30 =42 18 .20 8.7 L0317 15} 15 | 17
T2-42 1k 16 8.1 0311 26| 26 |27
T=-14-42 16 19 11.6 LOk1h 2 | 24 | 25
TR7-42 13 14 7.0 0251 24 | 24 | 24
728-L2 21 26 9.3 .0376 2L | 24 )25
729-42 19 22 11.1 0431 22| 22 |25
8-20-42 13 15 9.6 .0348 23 | 23 | 23
9-2-L2 25 27 8.7 .0317 1y 11|16
g-h=42 18 21 8.4 .0318 7)1 17 121
9-9=42 19 22 9.6 .0387 231 23 | 27
9-10-42 18 21 10.6 .0ko2 28| 28 | 30
g=17-h2 16 19 10.4 .0k39 22 | 22 | 26
9-18-L2 34 48 12.7 .0lko6 32| 32 |3
9=-19-42 38 52 13.5 0502 32| 32 {34
10-23-42 26 31 10.4 .0398 21 ] 21 | 23
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